Isolation of zygotic embryos from seeds and their culture in a defined medium, initiated by Hannig in 1904, has proved to be a promising method to study the factors that control growth and differentiation of embryos. Using this technique, several investigations have focused on the carbohydrate and nitrogen nutrition during germination of cultured seed embryos and on the effects of plant hormones on their morphogenesis. Culture of immature embryos leads to their germination into weak seedlings, skipping the later stages of embryogenesis, by a process known as precocious germination. Progressively smaller embryos have been cultured by supplementation of the medium with coconut milk or hormonal additives or by osmotic adjustment of the medium by high concentrations of sucrose or mannitol. Although methods have not been developed for large-scale isolation and culture of zygotes, zygotes of maize isolated from embryo sacs and those obtained by in vitro fertilization have been grown in culture into full-term embryos. Embryo culture techniques are widely used to rescue embryos from seeds of wide crosses which usually abort and to overcome dormancy of recalcitrant seeds.
Introduction
Embryo culture -the cultivation of zygotic embryos excised from ovules and seeds under aseptic conditions in a medium of known chemical composition -represents an important milestone in efforts to identify the requirements essential for continued growth, differentiation, and morphogenesis of embryos. The main reason for this is that the embryo culture technique allows the investigator to manipulate the embryo experimentally outside the ovule or the seed in ways that are not easy to accomplish when the embryo is enclosed in the ovule or seed. The development of the zygote into an embryo involving cell division, cell elongation, and organ differentiation depends upon the interaction between the newly formed cells, on the one hand, and the nutrient materials provided by the endosperm and the surrounding tissues of the ovule, on the other. The nature of the interactive effects modulating embryo growth is best understood by growing embryos outside the ovule or the seed in a standardized way and nurtured by exogenous nutrients. On the applied side, embryo culture has become a well-recognized and widely used method to obtain plants from wide crosses whose seeds generally abort due to failure of germination. In some types of seed, which germinate only after a period of storage and which do not respond favorably to other dormancy-breaking treatments, dormancy can be overcome by excision and culture of embryos. Over the past 100 years since its introduction, the embryo culture technique has offered a new and refined approach to characterizing embryogenesis and related problems in plants; some of these landmark studies opened up by embryo culture are chronicled in the present paper, written to mark this anniversary of the discovery of embryo culture. Since no comprehensive coverage of the topic is intended here, references to review articles are given to enable the interested reader to access further information on the significant contributions highlighted. Periodic reviews by Rappaport (1954) , Sanders and Ziebur (1963) , Narayanaswami and Norstog (1964) , Raghavan (1966 Raghavan ( , 1980 Raghavan ( , 1993 , and Raghavan and Srivastava (1982) , besides cataloging the surges in examples of successfully cultured embryos, have served to convey the refinements in the technique to culture progressively smaller embryos. For someone interested in trying his or her hand at the game, brief technical details and recipes for the media most commonly used to culture embryos of various stages of development of different plants are given in the articles by Sanders and Ziebur (1963) , Raghavan (1967 Raghavan ( , 1977a , and Williams et al. (1987) .
The Beginning
Although references to the importance of the embryo and its relationship to the endosperm in the genesis of the seedling are found in the literature dating back to the mid-19th century, establishment of embryo culture as an experimental tool can be dated rather precisely with the paper by Hannig (1904 supplemented with sucrose, and obtained transplantable seedlings. Attempts to culture embryos in the liquid extracted from ovules with a fine capillary were however unsuccessful, but they showed that a possible role of the liquid endosperm of the ovule in the nurture of embryos was very much a pervading theme in this work. Particularly interesting and conclusive seems to be the proof provided for a requirement for a high osmotic concentration in the medium for successful growth of embryos, as the latter generally failed to grow in a mineral salt medium unless supplied with a concentration of sucrose far above that required as a carbon energy source. The essentiality of a suitable nitrogen source for successful growth of embryos was another question of profound importance addressed in this work. In contrast to the abstract and general arguments found in the earlier studies on embryo growth, Hannig's paper provided quantitative data on the growth of embryos of the four species in the different media; the striking similarity in nutrient requirements for embryo growth was reflected in the frequent cross-species comparisons.
Culture method was effectively used by Brown (1906) to study the relative efficiency of various organic nitrogen compounds on the growth of excised barley (Hordeum vulgare) embryos nurtured in a mineral salt medium containing sucrose. This work showed that the amino acids, aspartic acid and glutamic acid, and the amide, asparagine, are superior nitrogen sources, causing increased dry weight and nitrogen content of cultured embryos. In other studies, the role of the storage tissues of the seed in the growth of embryos was explored by separating the latter from the endosperm or by decotylating embryos at different times after soaking seeds and planting embryos in nutrient solutions. Although the experiments confirmed the favorable effects of the storage tissues of the seed in the growth of the embryo, they were not found to be indispensable for embryo nurture (Dubard and Urbain, 1913) . The relatively small amount of growth displayed by decotylated embryos of lima bean (Phaseolus lanatus) cultured in distilled water solidified with agar was, however, found to be appreciably improved by the addition of glucose or a reducing sugar-containing extract made from the cotyledons of germinated seeds (Buckner and Kastle, 1917) . A function for the scutellum of graminean embryos in the absorption of nutrients was implied in a study that showed that embryos of maize (Zea mays) devoid of this organ grow somewhat feebly (Andronescu, 1919) . Collectively, these investigations showed the beginnings of a fusion of embryo culture methodology and physiological principles to gain insight into the nutrient requirements and metabolism of germinating embryos.
Based on the behavior of cultured embryos belonging to Solanaceae, Linaceae, Brassicaceae, Polygonaceae, Asteraceae, Cucurbitaceae, and Poaceae, Dieterich (1924) pointed out two important generalizations which have proved to be significant in understanding the physiology of the growth of embryos. One was that the embryo grown in vitro usually skips a rest period that is observed when it is part of the intact seed, and germinates. In addition, it was found that a solid medium containing Knop's mineral salts and 2.5-5.0% sucrose can support normal growth of embryos isolated from mature seeds, but in the same medium embryos from immature seeds tend to form malformed seedlings, omitting the regular stages in embryogenesis. This type of growth, uncovered not by preplanned scientific enquiry, but serendipitously from manipulations of the test object, came to be recognized as 'precocious germination' in embryo culture studies.
Metabolic and Morphogenetic Studies
A number of investigations using cultured embryos in the decades following the studies described above have set the stage to delve more deeply into the metabolism and physiology of embryos. The superiority of sucrose as a carbon energy source for cultured embryos is now firmly established and rarely has any other carbohydrate been as successful. At the morphogenetic level, addition of sucrose to the medium has been shown to promote root growth (Rietsema et al., 1953; Ozsan and Cameron, 1963; del Rosario and de Guzman, 1976) , or the growth of both root and shoot primordia (Augsten, 1956; Buffard-Morel, 1968 ) of cultured embryos of a variety of plants. Based on studies involving supplementation of the medium with various nitrogen compounds, a few generalizations about the amino acid metabolism of cultured embryos have also emerged. One is that embryos are able to grow moderately well in a medium utilizing nitrate or ammonium salts as the sole source of nitrogen. Secondly, the amide glutamine serves as an efficient source of nitrogen for the growth in culture of embryos of a number of plants (Rijven, 1956; Matsubara, 1964) . Thirdly, mutual antagonism and synergism has been shown to exist between different amino acids in the growth of embryos (Sanders and Burkholder, 1948; Harris, 1956; Bright et al., 1978; Green and Donovan, 1980) .
Following the discovery of plant hormones, especially the auxins, gibberellins and cytokinins, there has been much effort to study their effects on the growth and morphogenesis of cultured embryos. From a review of the results of these investigations (Raghavan, 1976 (Raghavan, , 1980 Raghavan and Srivastava, 1982) , it appears that although the addition of hormones modifies the growth of cultured embryos, there is no evidence to demonstrate the need for a specific hormone for the overall growth of embryos of a wide range of plants.
Regarding the effects of hormones on the growth of embryonic organs, they are quite similar to those displayed by the corresponding organs of the seedling. A recent work has, however, implied that polar auxin transport is involved in modulating cell divisions in a localized region of the globular embryo where cotyledons arise. This is based on the observation that treatment of cultured globular embryos of Brassica juncea with auxin transport inhibitors leads to the formation of a ring-like structure around the shoot apex, akin to fused cotyledons, instead of two separate cotyledons. Since the effect is specific to the globular embryo, it has been suggested that auxin signaling is an integral part of the mechanism that directs localized cell divisions in the embryo to form cotyledons (Liu et al., 1993) . The involvement of auxins, especially of 2,4-dichlorophenoxyacetic acid (2,4-D), in the production of callus on cultured embryos is now firmly established. With the demonstration that the callus formed on embryos of Cuscuta reflexa grown in a medium containing casein hydrolyzate and indoleacetic acid (IAA) regenerates adventive embryos (Maheshwari and Baldev, 1961) , considerable interest, which is continued even to this day, was generated in the production of somatic embryos from various plants with seed embryos as the starting material.
In attempts made during this period to control precocious germination of embryos, recourse was made to manipulation of the culture medium. Thus, it was found that supplementation of the usual agar medium containing mineral salts and a moderate level of sucrose with casein hydrolyzate, tomato juice, or other natural plant 438 extracts (Kent and Brink, 1947) , high concentrations of sucrose or mannitol (Ziebur et al., 1950) , or the plant hormone abscisic acid (ABA) (Norstog, 1972) forestalls precocious germination and prolongs embryogenic growth of immature barley embryos. These results led to the logical view that nutrient substances of the medium, its osmolarity or its hormonal balance might play a role in the normal growth of cultured embryos and in the control of precocious germination.
Progress made by biochemical approaches in the study of precocious germination in later years has led to a greater understanding of this phenomenon, favoring a role for ABA. Dure (1970, 1972) showed that culture of immature embryos of cotton (Gossypium hirsutum) triggers precocious germination as well as the development of activity of certain proteases involved in the mobilization of food reserves of cotyledons by premature translation of their relevant mRNAs; addition of an aqueous extract of the ovule or ABA to the medium halts precocious germination of immature embryos and the development of enzyme activity in them. In precociously germinating embryos of Brassica napus the synthesis of storage proteins is slowed down or inhibited, whereas in the presence of ABA in the medium which suppresses precocious germination, cultured embryos accumulate these proteins almost to the same extent as those growing in situ (Crouch and Sussex, 1981) . As reviewed elsewhere (Raghavan, 1986a (Raghavan, , 1997 , this simple model of the role of ABA in curtailing precocious germination of embryos has been confirmed in many plants, raising the possibility that ABA is a natural factor that suppresses precocious germination during normal embryogenesis.
Culture of Proembryos and Zygotes
An offshoot of the culture of seed embryos practiced in much of the early work was the culture of proembryos -a term applied to embryos at developmental stages that precede cotyledon initiation. An implicit assumption in most investigations is that proembryos are heterotrophic in nature and are dependent not only upon the metabolites present in their cells, but also upon these diffusing from the endosperm and the surrounding maternal tissues. From the embryo culture perspective, this suggests that nutritional requirements for the culture of proembryos are bound to be more exacting than those for immature or mature embryos. In much of the work done up to about 1940, only limited success was obtained in attempts to culture proembryos of selected plants in media containing IAA, amino acids, yeast extract, casein hydrolyzate, and other complex products. A breakthrough came from the work of van Overbeek et al. (1942) on the culture of embryos of Datura stramonium. This work showed that whereas torpedo-shaped and heart-shaped embryos grow in a medium enriched with vitamins (nicotinic acid, ascorbic acid, pyridoxine, and pantothenic acid) and an assortment of organic substances (adenine, glycine, and succinic acid), still smaller embryos (200 -500 mm long) fail to grow or grow feebly in this medium before callusing. A dramatic recrudescence of growth occurs in the small embryos when the medium containing organic addenda is supplemented with the liquid endosperm of coconut known as coconut milk or coconut water. This was attributed to the presence of a hormonal factor, designated the 'embryo factor', which was later obtained in a pure form to promote the growth of embryos in a dilution as low as 1:19 000 on a dry weight basis compared with 1:110 for the crude milk (van Overbeek et al., 1944) . These studies spawned several successful attempts to culture proembryos of other plants by the use of plant extracts of endospermic or nonendospermic origin (Kent and Brink, 1947; Matsubara, 1962; Nakajima, 1962) , or by using the endosperm as a nurse tissue (Stefaniak, 1987) . In another work, Norstog and Smith (1963) were able to substitute for a requirement for coconut milk in the promotion of growth of undifferentiated barley embryos by a phosphate-enriched medium at pH 4.9, fortified with glutamine and alanine (400 mg l 21 each) as major nitrogen sources, and lesser amounts of leucine (20 mg l 21 ), tyrosine, phenylalanine, cysteine, and tryptophan (all at 10 mg l
21
). Growth promotion of cultured proembryos by endosperm extracts thus appears to be mediated by specific chemical compounds.
It has been known for some time that the amorphous liquid endosperm in which the proembryo is constantly bathed has a very low (more negative) osmotic potential that subsequently decreases (becomes more negative) as the embryo matures (Ryczkowski, 1960) . This has led to the view that the osmotic pressure of the medium might play a role in promoting growth of proembryos both in vitro and in vivo. Following upon the success with coconut milk as a growth adjuvant for inducing growth of proembryos of D. stramonium, it was found that a mineral salt medium fortified with 8 -12% sucrose was optimal for continued growth and differentiation of globular and preheart-shaped embryos. Interestingly enough, these same embryos respond in, exactly the same way to a medium containing 2% sucrose plus enough mannitol to be isotonic with 8 -12% sucrose (Rietsema et al., 1953) . Artificially increasing the osmotic concentration of the culture medium by the addition of high concentrations of sucrose or mannitol has also led to the successful culture of proembryos of other plants which did not survive even the most complex media tested; these include a widely investigated species, Capsella bursa-pastoris (Rijven, 1952) , and a recent addition, wheat (Triticum aestivum) (Fischer and Neuhaus, 1995) . From this it appears that sucrose functions more as an osmotic stabilizer in the medium than as a carbon energy source, although the latter role cannot be wholly discounted.
The promotion of growth of proembryos by hormonal additives in the medium is illustrated by the requirements for growth in culture of progressively smaller embryos of C. bursa-pastoris. Although heart-shaped and older embryos of this species have been routinely cultured in an inorganic liquid medium of high osmolarity secured by the addition of 12 -18% sucrose (Rijven, 1952) , later work opened up the feasibility of culturing heart-shaped embryos in an agar-solidified mineral salt medium supplemented with 2% sucrose. Growth of still smaller embryos (up to about 55 mm long) was secured by fortifying this medium with a balanced mixture of IAA, kinetin, and adenine sulfate (Raghavan and Torrey, 1963) . Other reports of growth promotion of proembryos of Linum usitatissimum by kinetin (Preťová, 1986) , heart-shaped embryos of Medicago scutellata and M. sativa by IAA and benzylaminopurine (Bauchan, 1987) and proembryos of maize by zeatin or benzylaminopurine (Matthys-Rochon et al., 1998) , have also appeared.
A role for the suspensor in embryo nutrition implied from morphological and cytological studies has been strengthened by investigations in which growth of the organogenetic part of the embryo severed of its connection with the suspensor was followed. From experiments using this approach, it has been found that continued growth of proembryos of Eruca sativa (Corsi, 1972) , Phaseolus coccineus (Yeung and Sussex, 1979) , and PLANT EMBRYO CULTURE C. bursa-pastoris (Monnier, 1984) is more enhanced in the presence of an attached suspensor than in its absence. Other experiments on P. coccineus involving supplementation of the medium with growth hormones and determination of the growth hormone levels in the embryo and suspensor cells at specific stages of development have provided indirect evidence to show that the presumed suspensor function is due to the production of gibberellins and cytokinins (Alpi et al., 1975; Cionini et al., 1976; Lorenzi et al., 1978; Bennici and Cionini, 1979) . These results provide a strong argument for the existence of hormonal gradients from the suspensor in regulating the growth of the proembryo and might serve as baseline information for formulating a medium for the culture of still smaller embryos and even of the zygote of P. coccineus.
With many plants, extracting proembryos and zygotes from the confines of the ovule has hindered attempts at their successful culture, but some inroads have been made with zygote culture in maize. One strategy followed is the culture of zygote-or proembryocontaining embryo sac surrounded by the nucellus with or without a block of the endosperm (Campenot et al., 1992; Mòl et al., 1993 Mòl et al., , 1995 . By the use of enzyme digestion and microdissection, zygotes isolated from embryo sacs have been induced to form fertile plants by simulating typical stages of in vivo embryogenesis. The unexpected finding was that a nurse tissue of embryogenic microspores of barley was necessary for inducing continued growth and division of explanted maize zygotes (Leduc et al., 1996) . The same nurse tissue culture system was used to induce the growth of zygotes extruded from embryo sacs of barley (Holm et al., 1994) and wheat (Kumlehn et al., 1998) into normal plants. Maize zygotes produced by in vitro fertilization go through embryogenic divisions and form fertile plants relatively easily in the presence of a nurse tissue constituted of cells originating from maize embryos (Kranz and Lörz, 1993) . The excitement generated by the culture of zygotes extruded from the embryo sac and those generated by in vitro fertilization might seem to suggest that methodologies are at hand to culture zygotes routinely in a defined medium and study the activation of biosynthetic pathways during progressive embryogenesis. This is rather far from the truth and there is a long way ahead before this cherished hope can be realized.
Applications of Embryo Culture Technique
On the practical side, the first application of embryo culture technique came from the work of Knudson (1922) , who succeeded in germinating orchid embryos into plantlets in the absence of the symbiotic fungus by growing them on a nutrient agar medium containing sucrose. In the absence of sucrose, embryos failed to develop beyond the protocorm stage. The propagation of orchids now practiced on a commercial scale in nurseries all over the world had its inception in these experiments. In most species of orchids, the embryo is extremely small in size and consists of a mass of undifferentiated cells enclosed within two fused transparent layers of cells of seed coats. Since mature orchid embryos do not show a distinction between shoot and root poles, they are analogous to globular-stage embryos of other angiosperms, but unlike the latter, subsequent development of the embryo occurs during germination. Thus, embryo culture of orchids represents in reality seed culture.
Crosses between distantly related species of plants have been slow to yield agriculturally beneficial hybrids because in the transfer of useful alien genes across interspecific or intergeneric barriers, too many deleterious genes that are difficult to eliminate are also introduced. The resulting disturbance in equilibrium between the growth of the maternal tissues, embryo, and endosperm leads to embryo lethality and seed collapse. Early in the development of embryo culture as a research tool, Laibach (1925) envisaged the immense application of the embryo culture technique in rearing viable seedlings from otherwise unsuccessful crosses. This investigator showed that progenies from crosses between Linum perenne and L. austriacum can be rescued by excising and culturing embryos before they disintegrate. Since this pioneering work, embryo culture methods have been widely used to obtain transplantable seedlings from seeds of interspecific and intergeneric crosses previously considered incapable of germination. The numerous examples in which hybrid embryo operations have been successfully mounted by embryo culture methods are reviewed elsewhere (Raghavan, 1977b (Raghavan, , 1985 (Raghavan, , 1986b (Raghavan, , 1994 Collins and Grosser, 1984; Williams, 1987) . Although nutrient media employed to culture embryos are very varied, it can be stated as a secure generalization that hybrid embryos which collapse at early stages of development require more complex media than more developed embryos to complete growth in culture. After the embryos have grown into plantlets in vitro, they are removed from the original medium and nurtured in sterilized soil or vermiculite and grown to maturity in the greenhouse.
In breeding practice, dormancy of seeds and the slow growth of seedlings necessitate long breeding seasons. Seeds of some earlyripening fruit trees have very low viability and fail to germinate even after appropriate after-ripening treatments. It was shown that embryos excised from such seeds grow normally in vitro into healthy plants (Tukey, 1933) . It has thus become possible to preserve these varieties for the development of still earlier ripening characteristics which would be of practical benefit to the breeder (Raghavan, 1976, for review) . Dormant seeds fail to germinate under apparently suitable conditions of adequate moisture and oxygen supply and optimum temperature unless they are given the appropriate dormancy-breaking stimulus. Since dormancy mechanisms in most cases hinge on the inability of the enclosed embryo to grow, special interest attaches to the role of embryo culture method in overcoming this developmental block. Recognition of the need for an effective method for breaking dormancy of seeds of tall bearded Iris and obtaining flowers in a shorter period of time than normal led Randoph (1945) to study seedling production by embryo culture method. It was found that young seedlings with well-developed roots and leaves ready to be transplanted into soil could be obtained in about 2 or 3 mo. after transfer of embryos to a suitable medium. The use of embryo culture has done much to reduce the cycle from seed to flowering in Iris to less than a year, in contrast to the 2 or 3 yr normally required. It is a matter of common observation that seeds of some of the common cereals remain dormant immediately after harvest even though the embryo is fully mature. Embryo culture might be advantageously used to raise a new generation of seedlings from such cereal grains immediately after harvest (Raghavan, 1976 , for review).
Conclusions
The manipulations performed with embryos of different ages of various plants have revealed some important principles about 440 RAGHAVAN control of growth and differentiation of embryos for nearly a century. As we come to the next century of use of the embryo culture technique, it seems possible to overlay this rich history with the power of genetic manipulations to reveal a new generation of concepts about angiosperm embryogenesis. In comparison with some of the other in vitro methods, embryo culture is a timeconsuming operation involving a great deal of manipulative skill. Nonetheless, in various agricultural stations around the world, embryo culture has become the choice method to obtain hybrids from wide crosses. The potential of zygote culture to transfer foreign genes in a single-step method affords hope for significant advances in the genetic engineering of plants.
